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NATIONAL AEZONAUTICS AND SPACE AIMINISTRATION 

TECHNICAL NOTE D-197 

LUBRICATION OF CORROSION-RESISTANT ALLOYS BY MIXTURES OF 

HALOGEN-CONTAINING GASES AT TEMPEXIATURES UP TO 1200' F 

By Donald H. Buckley and Robert L. Johnson 

SUMMARY 

F r i c t i o n  and wear experiments were conducted t o  explore t h e  e f f e c t s  
of high temperature, var ied bromine content, and postulated reac t ion  
mechanisms on boundary lubricat ion with r eac t ive  gases. Dibromodif luoro- 
methane (CFZBrZ), monobromotrif luoromethane (CF3Br), monobrmodifluoro- 
methane (CHFzBr}, and su l fur  hexafluoride (SF6) gases were used t o  lubr i -  
ca t e  various nickel  and cobalt  a l loys at temperatures up t o  1200° F. A 
3/16-inch-radius hemispherical rider under a load of 1200 grams contacted 
the  f l a t  surface of a ro t a t ing  diskj  the usual surface speed w a s  120 f e e t  
per minute. I n  some cases the  surface speed was  varied. 

A 1:l gas blend cf CF2Brz and CFgBr was found t o  be an e f f ec t ive  
lubricant  t o  1200° F f o r  two m e t a l  combinations, S t e l l i t e  98M2 on Hastel- 
loy C and InconelX on Rexalloy 33. The gases CHFzBr and CBF2Br plus  1 
percent SF6 used t o  lubr ica te  98MZ S t e l l i t e  s l i d ing  on Hastelloy C were 
not as e f f ec t ive  (as lubr icants )  as the gas blend (1:l) CFzBrz:CF3Br. 
Postulated reac t ion  mechanisms can be used t o  s e l e c t  metal-gas combina- 
t ions  s u i t a b l e  f o r  high-temperature lubricat ion systems. 

INTRODUCTION 

Extreme high-temperature lubricat ion i s  required f o r  advanced types 
of aercClynmic and space vehicles ,  For e x q l e ,  i n  miss i le  components 
such as turbodrives environmental temperatures from 1000° t o  1800' F 
crea te  an important problem area  f o r  lubr ica t ion  (ref .  1). 
of t h i s  magnitude a re  beyond the  useful  l i m i t  of conventional organic 
l iqu ids  and greases and, therefore,  unconventional methods of lubrica-  
t i o n  must be sought. One method i s  the use of halogen-substituted 
methane and s i m i l a r  gases. A number of these gaseous compounds (e.g., 
CF3Br and CFzBr2) possess extremely good thermal s t a b i l i t y  and are 
capable of providing e f f ec t ive  lubricat ion as discussed i n  references 2 
and 3. 

Temperatures 
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The mechanism f o r  gas lubr ica t ion  i s  similar t o  t h a t  encountered i n  
extreme pressure" lubr ica t ion  of gears where reac t ive  compounds a r e  used W 

as additives t o  o i l s .  The gases employed as lubricants  are s t a b l e  i n  
contact with metal surfaces a t  ambient temperatures of 1000° F. 
metals are i n  s l i d i n g  contact, however, extremely high f l a s h  temperatures 
are generated at contacting metal a s p e r i t i e s  (e.g., llOOo F above the  
ambient t e q e r a t u r e  i n  e f f e c t i v e  boundary lubricat ion,  re f .  4). 
temperatures a r e  suff ic ient  t o  cause local ized decomposition of gas mole- 
cules  adsorbed on the  metal surface. The halogen atoms of the  molecule 
are then f r e e  t o  reac t  with the  hot  metal surface t o  form m e t a l  halides,  
which function as s o l i d  lubricants .  

Where 

These 

The nature of the  metal l ic  ha l ides  formed on the  s l i d i n g  surface and 
t h e . r a t e  a t  which they form determine the  effect iveness  of the  lubr ica t ion  
system. When the  reac t ion  rate i s  exceedingly high, an excess of meta l l ic  
hal ide may form and thus r e s u l t  i n  corrosion of the  surface. For example, 
a corrosion problem was encountered i n  lubricat ing t o o l  s teel  with a 
halogen-containing gas above 600' F, but the use of cobalt-  and nickel- 
base alloys eliminated the  corrosion problem (ref, 3). 

I n  gas lubricat ion,  where surface react ions are important, the  gas 
must have the  proper halogen content. 
halogen present i n  t h e  gaseous molecule t o  s a t i s f y  lubr ica t ion  require-  
ments and ye t  not an excess t h a t  would cause corrosion at high tempera- 
tures .  The gas monobromotrif luoromethane (CF3Br) has a s ingle  bromine 
atom and provided ef fec t ive  lubr ica t ion  a t  high temperatures ( re f .  3). 
A t  room temperature, however, i n s u f f i c i e n t  bromine w a s  present t o  provide 
adequate lubrication. The gas dibromodif luoromethane (CFZBr2) has two 
bromine atoms and provided e f f e c t i v e  lubr ica t ion  a t  lower temperatures 
(below 8000 F, r e f .  3). A t  higher temperatures, however, corrosive wear 
of the  metals was experienced with CFzBr2. 
proper bromine content i s  t o  blend the  two gases i n  optimum proportions; 
thus, i t  may be possible t o  obtain e f fec t ive  lubr ica t ion  over a broad 
temperature range without corrosive wear. 

It i s  necessary t o  have s u f f i c i e n t  

One method f o r  obtaining 

A second method of a t tacking t h e  problem i s  t o  s e l e c t  a gas t h a t  has 

A gas molecule containing a hydrogen atom (CHF2Br) i s  l e s s  s t a b l e  
. a. s ingle  bromine atom but does not possess as good thermal s t a b i l i t y  as 

CFSBr. 
and should give b e t t e r  performance at t h e  lower temperatures, 

Gas lubricat ion depends on surface react ions,  and postulat ion of 
the al loy combinations t h a t  can be e f f e c t i v e l y  lubricated by a par t icu-  
lar  gas o r  gas combination would be helpful .  To s e l e c t  these combina- 
t ions  without experimentation, it is  necessary t o  understand the chemi- 
c a l  reactions.  Information on the  composition of surface fi lms and wear 
debris can f a c i l i t a t e  predict ion of metal-gas combinations su i tab le  f o r  
an e f fec t ive ly  lubricated system. 
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The object of t h e  research reported herein was ,  f i r s t ,  t o  f i n d  op- 
t i m u m  gas mixtures f o r  e f fec t ive  lubricat ion of a l loys over a broad tem- 
perature range and, second, t o  postulate reac t ion  mechanisms i n  order 
that usefu l  metal-gas cambinations might be predicted. The gases used 
i n  t h i s  invest igat ion were CF3Br, CF2Br2, CHFzBr, and sF6. Nickel- and 
cobalt-base a l loys  were studied i n  gas atmospheres over the temperature 
range from 750 t o  12000 F. 
were noted. I n  f r i c t i o n  and w e a r  experiments, a'3/16-inch-radius hemi- 

Fr ic t ion,  wear, and corrosion c h a r a c t e r i s t i c s  

sphere contacted the  f la t  surface of a r o t a t i n g  &inch-diameter disk. 

The s l i d i n g  veloci ty  usually employed was 120 f e e t  per minute, 
2 

APPARATUS AND PROCEDURE 

The apparatus used i n  t h i s  invest igat ion (also used i n  r e f .  2) i s  
shown schematically i n  f igure  1. elements of the apparatus 
consis t  of a rotating-disk 
t ipped r i d e r  specimen 

and a hemispherically 

The r i d e r  specimen i s  s ta t ionary  and i n  s l i d i n g  contact with t h e  
Th-e disk was r c t a t e d  by zeins  of 8n e l e c t r i c  rotat ing-disk specimen. 

motor through a variable-speed transmission. 
r i d e r  specimen by means of a dead-weight system. The f r i c t i o n a l  force  
was  measured d i r e c t l y  by means of four  s t r a i n  gages mounted on a copper- 
beryllium dynammeter ring. The f r i c t i o n a l  force  was continuously r e -  
corded on a s t r ip-chart  po ten t imeter .  After the experiment, the  wear 
volume was  calculated from the measured diameter of the  wear area on t h e  
r i d e r  specimen. 

Loads were appl ied t o  t h e  

sented i n  the following tab le  : 

Mat. er tal 

Hastelloy C 

Inconel X 

S t e l l i t e  98M2 

Rexalloy 33 

T-i c al c ompos i t i on, percent by weight 

S i  

- 

"--. 

0.5( 

1.0 

1.0 - 

Ni 

52.0 

70.0 

3.5 

.25 

C r  

17.0 

15.0 

30.5 

32.5 

Tell C- 

52-57 

52-55 
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The gaseous lubr icants  (CF3Br, CF2Br2, and CHF2Br) were introduced 
i n t o  a 2 - l i t e r  Inconel pot t h a t  (with i t s  cover) enclosed t h e  d isk  and 4 

r i d e r  specimen. The Inconel pot was  heated by means of s t r i p  heaters  
mounted on the  outer w a l l s  and concentric-ring hea ters  i n  t h e  base of t h e  
pot. The s t r i p  and r ing  hea ters  were control led by ind iv idua l  Variac 
un i t s .  
A l u m e l  thermocouple located along the  s ide  of t he  d isk  specimen, and t h e  
temperatures were read from an ind ica t ing  potentiometer. 
were varied from 7 5 O  t o  1200' F. 
a 15-minute period p r i o r  t o  ac tua l  s t a r t i n g  of t he  run. The specimens 
were brought t o  temperature i n  a i r  before the  period of purge was i n i -  
t i a t e d .  
were the sane as those e q l o y e d  i n  t h e  run. A t  t h e  completion of t he  
purge, the run-in procedure w a s  i n i t i a t e d .  Measurements discussed i n  
reference 2 show t h a t  less than 0.5 percent oxygen w a s  present i n  t h e  
test  chamber after purge and during operation with t h e  gas CF2C12. 

The temperature w a s  measured by an Inconel-sheathed Chromel- 

The temperatures 
The Inconel t e s t  chamber was purged f o r  

The gas-flow rates (1 li ter /min)  and mixtures used i n  t h e  purge 

A run-in procedure w a s  found necessary as a r e s u l t  of some previous 
work with CFzC12 which showed tha t ,  i f  t h e  run was s t a r t e d  with high load 
and speed, surface f a i l u r e  of t he  specimens w a s  apt  t o  occur. The high I 

i n i t i a l  f r i c t i o n  and w e a r  can be a t t r i b u t e d  t o  the  lack of s u f f i c i e n t  time 
f o r  t h e  formation of a reac t ion  f i l m .  
reducing the  speed and em-ploying incremental loading, a reac t ion  f i lm  
could f o r m  which markedly reduced the  i n i t i a l  high f r i c t i o n  and wear. 

A s  a r e s u l t  it was found tha t ,  by 

RESULTS AND DISCUSSION 

Lubricating Gases 

Metal combinations i n  air. - I n  preliminary s tudies  on f r i c t i o n  and 
w e a r ,  experiments were conducted with two metal combinations i n  a i r  a t  
t e q e r a t u r e s  up t o  1200° F. 
son f o r  evaluating da ta  obtained i n  t h e  various reactive-gas environments. 
The f i r s t  m e t a l  combination w a s  98M2 S t e l l i t e  s l i d ing  on Hastelloy C i n  
a i r  t o  1200° F; the  f r i c t i o n  and wear data  obtained a re  presented i n  f i g -  
ure 2. The second metal combination was  InconelX s l i d i n g  on Rexalloy 33 
i n  air  t o  temperatures of 1200' F, and t h e  f r i c t i o n  and wear data are 
shown i n  f i gu re  3. 

The da ta  i n  a i r  provided a basis of compari- 

Mix tu res  of brominated methanes. - Data obtained i n  reference 3 with 
CFSBr plus 1 percent SFg and with CF2Br2 lubr ica t ing  98M2 S t e l l i t e  s l i d -  
ing against  Hastelloy C a t  temperatures from 750 t o  1200° F a re  presented 
i n  f igure 4 f o r  t h e  purpose of comparison. The t rend  i n  the  w e a r  curve 

with increase i n  temperature. 
as t h e  lubricant w a s  low t o  a temperature about 800' F, above which the  
w e a r  began t o  increase,  r e f l e c t i n g  the  influence of corrosion. 

with CF3Br ac t ing  as the  lubr icant  ind ica tes  an  increasing effect iveness  Y 

The wear obtained with CF2Br2 functioning 
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The r e v e r s a l  i n  wear trends suggested t h a t  a mixture of t h e  two gases 
might provide intermediate wear values over t h e  e n t i r e  temperature range. 
The two gases CF3Br and CF2Br2 were mixed i n  varying percentages and used 
t o  l u b r i c a t e  98M2 S t e l l i t e  r i d e r  s l id ing  on Hastelloy C disk a t  roam tem- 
perature and 12000 F. 
figure 5, 
an equal (1:l) mixture of t h e  two gases merits consideration f o r  addi t iona l  

The r e s u l t s  of these experiments a r e  presented i n  
The wear and f r i c t i o n  data ind ica te  t h a t ,  at both temperatures, 

study, 

The 1:l gas mixture CF3Br:CFZBr2 was  used t o  lubr ica te  t h e  9BM2 
S t e l l i t e  r i d e r  s l i d i n g  on the  Hastelloy C disk over t h e  temperature range 
from 75O t o  1200° F. 
i n  t h i s  atmosphere a r e  given i n  f igure 6. The f r i c t i o n  data represent an 
approximate mean of the  values obtained with the  individual  gases. How- 
ever, t h e  w e a r  with the  a x t u r e  was lower a t  a l l  temperatures than t h a t  
obtained with e i t h e r  of the gases alone. 
produce a synergis t ic  e f f e c t .  The r e l a t i v e  independence of w e a r  with 
respect  t o  var ied temperatures (fig.  6) may be explained i n  terms of t h e  
bromine avai lable  f o r  surface reaction. 
where a s i n g l e  bromine atom was inadequate, there  w a s  a 25-percent i n -  
crease i n  bromine avai lable  f r o m t h e  blend f o r  surface reaction. 
temperatures, however, t h e  bromine content of t h e  blend w a s  25 percent 
l e s s  than t h a t  avai lable  with the dibrominated gas, and therefore  a re- 
duction i n  corrosive wear  was observed. Thus, an e f f e c t i v e  balance be- 
tween adhesive and corrosive wear was achieved. 

The f r i c t i o n  and w e a r  data f o r  t h e  metals s l i d i n g  

Thus, t h e  gas blend seems t o  

A t  the  lower ambient temperatures, 

A t  higher 

The r i d e r  wear (over e n t i r e  temperature range) with t h e  gas mixture 
was approximately 1 percent of the  wear obtained i n  air  (f ig .  6).  
s iderable  reduction i n  f r i c t i o n  was a l so  observed. 

A con- 

The r e s u l t s  obtained with mixtures of gases containing bromine war -  
ran tea  an invest igat ion of tine appttrerii upLiuluu u b t u r e  at Sl'ldTiig velac- 
i t i e s  other than 120 feet per minute. The r e s u l t s  of experiments t o  show 
the  influence of s l i d i n g  veloci ty  a re  presented i n  f i g u r e  7. The f i v e  
s l i d i n g  v e l o c i t i e s  invest igated (55 t o  5200 f t / m i n )  seem t o  show l i t t l e  
infiuence on f r i c t i o n  coeff ic ient  over the t e - p e r a t u r e  raiige (75' t o  1 2 0 0 ~  
F) studied. 

An incompletely halogenated methane. - The effect iveness  of t h e  
bromine-containing gas mixture as a lubricant can be a t t r i b u t e d  t o  the  
amount of bromine made avai lable  for surface reaction, and t h i s  quantity 
i s  dependent on the thermal s t a b i l i t y  of the  gaseous molecule. A gas 
t h a t  contains a s ingle  bromine atom but does not possess as good thermal 
s t a b i l i t y  as CF3Br might be as effect ive a lubricant  as the gas blend. 

s t a b l e  as CF3Br i s  CBFZBr. 
b ina t ion  ( 9 M 2  S t e l l i t e  r i d e r  s l iding on Hastelloy C disk) ,  f r i c t i o n  and 
wear experiments were conducted a t  temperatures fram 7 5 O  t o  1200° F. 

& A s i n g l e  bromine-containing methane derivative t h a t  i s  not qui te  as 
With the gas CRF2Br and the  same m e t a l  com- 

.I The 
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r e s u l t s  of these experiments a r e  presented i n  f igure  8. The presence of 
hydrogen i n  t h e  molecule made it d i f f i c u l t  t o  obtain reproducible r e s u l t s .  
This can be a t t r i b u t e d  t o  the formation of hydrobromic acid (HBr) as one 
of the gaseous decomposition products, which i s  corrosive t o  t h e  m e t a l  
surf aces. 

4 

For purposes of comparison, f r i c t i o n  and wear experiments were made 
with CHFZBr plus 1 percent SF6 with the same m e t a l  combinations. 
were run at 75O, 600°, and 1000° I?. 

Tests 
The r e s u l t s  obtained a r e  presented Y i n  f igure  9 and are compared with data  f o r  CF3Br plus  1 percent SF6 from 

reference 3. The r e s u l t s  indicate  that  t h e  hydrogen-containing gas rp 

ul 
4 

CFIF2Br plus  1 percent SF6 i s  e f fec t ive  i n  reducing f r i c t i o n  and w e a r  at 
75'F. 
markedly. 
SF6 decrease as the  temperature i s  increased. 

A t  the  higher temperature, however, the  w e a r  increases r a t h e r  
The f r i c t i o n  and wear t rends obtained with CF3Br plus  1 percent 

F i  lm-Format ion Mechanisms 

Chemical mechanism. - The selection of optimum gas-slider mater ia l  L 

combinations i s  c r i t i c a l  i n  reac t ive  gas lubrication. Trevious exper- 
ience i n  fundamental s tudies  of s o l i d s  (ref. 5) and react ion gases (refs. 
2 and 3 )  as lubricants  has suggested desirable end products i n  surface 
reac t ions  with gas lubricants ,  Metals normally have passive oxide layers .  
Therefore, the  react ion mechanisms of ihport2nce a re  cmcerned with the 
oxide f i lms  as wel l  as t h e  nascent metals. The r e l a t i v e  chemical a c t i v i t y  
of the various a l loy  const i tuents  i s  also a basic consideration. The l o c a l  
energy l e v e l  a t  the  s l i d e r  in te r face  (produced by pressure equal t o  the 
y i e l d  s t r e s s  i n  compression for the  alloys and by temperatures t h a t  a r e  
apt  t o  be more than 1000° F above the  ambient) causes a highly ac t ive  
chemical s t a t e  t h a t  r e s u l t s  i n  reactions going t o  completion. The chem- 
i s t r y  a t  the s l i d e r  in te r face  i s  exceedingly complex because of the  mag- 
nitude of var iables  present.  A r e l a t i v e l y  simple consideration of t h e  
possible thermochemical processes, however, can do much t o  c lm' i fy  t h e  
surface reactions.  Such considerations a r e  reported i n  t h e  appendix. 
Select ion of promising gas-slider material  combinations may be based on 
these postulated reactions.  

Physical mechanism. - A physical consideration of t h e  s l i d i n g  process 
between two metals of d i f fe ren t  hardness suggests t h a t  the  s o f t e r  metal 
may have more nascent metal exposed. P l a s t i c  deformation of t h e  s o f t e r  
metal causes rupture of the passive surface layer  (oxide) t o  expose the 
more ac t ive  (nascent) substrate  metal. 
t o  a reac t ive  gas lubricant,  the greater a v a i l a b i l i t y  of m e t a l  cations 
f o r  chemical reac t ion  would be from the s o f t e r  metal. I n  addition, the 
sustained higher temperature l e v e l  of a surface i n  continuous s l i d i n g  
contact ( r ider  specimen) would make it more ac t ive  chemically than a 

Thus, when the metals are exposed 
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surface undergoing thermal cycling with the  lower mean temperature t h a t  
r e s u l t s  from in termi t ten t  s l id ing  contact (disk specimen). 
cepts  may provide addi t iona l  physical  means f o r  control  of the  locat ion 
and amount of surface reactions,  

These con- 

The use of t h e  forementioned chemical and physicai concepts can be 
demonstrated. For example, n icke l  bromide i s  an e f fec t ive  s o l i d  lubr i -  
cant and, therefore ,  would be a desirable surface f i l m  i n  r e a c t i v e  gas 
lubricat ion.  I n  accordance with t h e  react ions suggested i n  t h e  appendix 
and the  physical  concepts discussed herein, an Inconel X (nickel-chromium 
a l loy)  r i d e r  specimen i n  s l i d i n g  contact with a harder metal (Rexalloy 
33) disk specimen and exposed t o  a react ive gas containing bromine (1:l 
mixture of CFjBr and CFZBrZ) might be expected t o  develop an e f fec t ive  
reaction-fi lm lubricant ,  
1200' F with those materials gave the f r i c t i o n  and wem data  presented 
i n  f i g u r e  10, For t h e  purpose of cmparison, the  data obtained with t h e  
reac t ive  gas are presented i n  f igure  10 together with data  obtained with 
a i r  (from f i g ,  3). Photomicrographs of a disk surface after a lubrica-  
t i on  experiment with the  bromine-containing gas a re  shown i n  f i g u r e  11. 
"he bromide reac t ion  f i l m  was  removed with e t h y l  alcohol, and it was ap- 
parent t h a t  the lubr ica t ion  had prevented any s igni f icant  wear of t h e  
disk. Although ef fec t ive  lubricat ion was obtained with the  r e a c t i v e  gas 
lubricant  (fig.  lo), wear of the r ider  specimen increased a t  temperatures 
above 800' F because of excessive surface react ion (i.e., corrosive wear). 

Experiments run at temperatures from 75' t o  

Applying t h e  physical  concepts previously discussed would suggest 
t h a t ,  i f  t h e  specimens were reversed so t h a t  t h e  r i d e r  were t h e  harder 
a l l o y  and t h e  disk were t h e  s o f t e r  (reacting) a l loy  (where in te rmi t ten t  
contact would reduce the  reac t ion  rate), corrosive w e a r  could be decreased. 
I n  effect, the  s o r t  of system thus suggested i s  exemplified by the  da ta  
obtained with t h e  hard 98M2 S t e l l i t e  (cobalt-base al loy)  r i d e r  s l i d i n g  on 
t.hp s n f t e r  Hastal loy C (nickel-chromium a l loy)  i n  t h e  bromine-containing 
gas mixture, shown i n  f igure 6 .  I n  f igure  6 there  is no increase i n  wear 
a t  the higher temperatures. 

From t h e  mechanlsm involved i n  gas lubricat ion and a knowledge of 
t h e  thermochemical data f o r  metal halides, it i s  possible t o  predict  and 
el iminate  systems t h a t  w i l l  not lubricate ,  An example of such a system 
i s  one i n  which the metal halide formed i s  v o l a t i l e  and leaves the sur- 
face f i lm  (e.g., MoBr4 or WBrq). 
carbide, f r i c t i o n  and wear data  obtained indicated t h a t  a bromine- 
containing gas would not lubr ica te  tungsten carbide. 
formed by t h e  gas v o l a t i l i z e d  and l e f t  a carbon film on t h e  surface of 
t h e  material. '  

I n  experiments conducted with tungsten 

The tungsten bromide 
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SUMMARY OF RESULTS 

From the  experimental r e s u l t s  obtained i n  t h e  research reported 
herein,  the following summary remarks can be made: 

1. An optimum halogen concentration i n  reac t ive  gases f o r  lubrica- 
The CF2Br2: t i o n  can be obtained by se l ec t ive  blending of various gases. 

CF3Br(l:l) mixture i s  an excel lent  gas blend f o r  98M2 S t e l l i t e  s l i d ing  
on Hastelloy C and for Inconel X s l i d i n g  on Rexalloy 33 at temperatures 
from 7 5 O  t o  12W0 F. Y 

u1 
-4 
Ip 

2. The use of physical  propert ies  of a l loys  and reac t ion  mechanisms 
i n  gas lubricat ion i s  an a id  i n  t he  se l ec t ion  of metal-gas combinations 
f o r  lubricat ion systems. Alloy-gas combinations t h a t  w i l l  form reac t ion  
f i lms  having des i rab le  lubr ica t ing  proper t ies  can be selected.  

3. A gas with a l e s s  s t ab le  molecular configuration such as CHF2Br 
w a s  not quite as e f f ec t ive  a lubricant  as the  f u l l y  halogenated gases 
CF3Br and CFZBrZ. The presence of hydrogen i n  the  molecule r e s u l t s  i n  
t h e  formation of hydrogen bromide (HBr) when the  gaseous molecule de- 
composes. An atmosphere including hydrobromic ac id  r e su l t ed  i n  severe 
corrosion t o  the  metals being lubricated.  

Lewis  Research Center 
National Aeronautics and Space Admini s t ra t i  on 

Cleveland, Ohio, September 2, 1959 

c 



APPENDIX - REACTIONS I N  FIIM FORMATION 
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Very l i t t l e  thermochemical da ta  are ava i lab le  i n  t h e  l i t e r a t u r e  f o r  
m e t a l  oxides and hal ides .  The data  are even more d i f f i c u l t  t o  obtain f o r  
mater ia l s  a t  e levated temperatures. I n  pos tu la t ing  chemical react ions 
occurring i n  gas lubricat ion,  a knowledge of thermochemical v d u e s  f o r  
various metal oxides and bromides becomes imperative, The standard f r e e  
energy of formation f o r  various metal oxides up t o  a temperature of 
20000 K i s  presented i n  f i g u r e  12 and i s  taken from reference 6, I n  
order t o  obtain t h e  standard f r e e  energy of formation (No) f o r  metal 

The values of AFo 
and bo i l ing  poin ts  a re  presented i n  f igure  13. The AFo values are i n  
k c a l  per gram-atomic weight of cat ion o r  metal  i on j  they were p lo t t ed  i n  
t h i s  manner t o  f a c i l i t a t e  a d i r e c t  comparison of t h e  r e l a t i v e  s tabi l i t ies  
of t he  various compounds. Since the  lower t h e  curve, t h e  more s t ab le  t h e  
compound formed, a d i r e c t  v i sua l  comparison of t h e  r e l a t i v e  s t a b i l i t i e s  
of the  meta l l ic  hal ides  can be made f rom t h e  graphs. The simple thermo- 
d y n b i c  r e l a t i o n s  used i n  these calculat ions are:  

2 
n 

I 
4 

bromides, ca lcu la t ions  had t o  be made frm data obtained i n  reference 7. 
a t  temperatures t o  2000° K wlth corresponding melting 

n' 

Since A H o  i s  constant and ASo changes t o  a minor extent  only with a 
change i n  temperature (provided the  reactants  and products undergo no 
phase changes), a p l o t  of -AFo against T r e s u l t s  i n  l i n e s  t h a t  are 
very near ly  s t r a i g h t  wi th  a slope of +ASo ( re f .  8). Therefore, 

Then, aFo at  any temperature T2 can be ca lcu la ted  from a knowledge of 
AS and aFo at any temperature T1 as long as no change of state occurs 
between T1 and T 2 j  tha t  is, 

For a temperature range from melting t o  bo i l ing  point,  

(A3 1 
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For temperatures above bo i l ing  point,  

standard f r e e  energy of formation at 29%' K 

standard f r e e  energy of formation a t  sane temperature other than 
298' K 

free-energy change involved i n  melting (AF 

free-energy change involved i n  vaporization 

temperatures, 4( 

entropy, tal/% 
entropy, tal/% from melting t o  bo i l ing  poin ts  

entropy, c a l l %  above bo i l ing  point  

of fusion)  

To obtain AI? for a given reac t ion  from AI?', t h e  correct ion term 
must be made f o r  the concentration of reac tan ts  and products. 
r e a c t i o n  such as aA + bB = CC + dD, t h e  value AF i s  calculated accord- 

For any 

ing t o  the  following equation: AI? = AFo + RT I n  . The standard 

free energies of formation serve t o  ind ica te  the  tendency, or lack thereof,  - u  

of metal oxides and bromides t o  form. 
of the  compounds and where subs t i t u t ion  can occur. These free-energy 
values do not, however, ind ica te  reac t ion  rate, and the  chenical k i n e t i c s  
must be known before any quant i ta t ive  predict ions can be made. 

They a l so  indicate-  t he  s t a b i l i t y  

S t e l l i t e  98M2 on Hastelloy C Lubricated by CFzBr2:CF3Br 

A 

I n  t he  S t e l l i t e  98M2 r i d e r  and Hastelloy C d i sk  combination, the  
The d isk  specimen r i d e r  specimen i s  the  harder of the  two mater ia ls .  

furnishes the major port ion of cat ions f o r  metal ha l ide  formation. 
a l loy  Hastelloy C is  composed ch ie f ly  of N i ,  C r ,  W, Mo, and Fe. The 
pr inciple  react ions believed t o  occur at t h e  s l i d ing  metal in t e r f ace  with 
t h e  bromine-containing gas blend CF2Brz :CF3Br a re  : 

The 
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+ 
r- 
Ln 

I w 

. 

I n i t i a l  surface reac t ion  with passive oxides present on metal surface,  

CR2O3 + NiO.Cr203 + 7CF3Br + 7CF2Br2 3 4CrBrg + NiBrZ  

sp ine l  

( re fs .  9 and 10) 

4 
(1) Radical coupling - polymerization 

(2)  Radical decomposition 

(3 ) Radi c a1 di spr  opor t i onat ion 

(4) Removal as r a d i c a l  

or  

(5) Redox process J 
Although the  chrome oxide i n  equation (A6) i s  more thermodynamically 

s t ab le  than chrome bromide, as indicated i n  f igu re  12, it i s  possible  as 
discussed by Kellogg (ref. 8) f o r  p a r t i a l  subs t i t u t ion  to,occur i n  a 
dense halogen atmosphere. The concentration of reac tan ts  and products 
i s  extremely important i n  thermodynamic considerations,  s ince proper 
adjustment of concentrations can r e su l t  i n  a reac t ion  t h a t  w i l l  not occur 
under standard thermodynamic conditions (i.e.,  u n i t  a c t i v i t y  of reac tan ts  
and products).  
f o r  what occurs t o  the  tenacious oxide present  on the  m e t a l  surface.  
Once the  r i d e r  specimen has t raversed the d isk  and t h e  passive layer  has 

with halogen-containing gas. The temperatures encountered at  contacting 
metal  surfaces a r e  extremely high. 
t i o n  and wear experiments, temperatures as high as l l O O o  F aboye t h e  am- 
b i e n t  a e  reported i n  reference 4. 
10000 F, temperatures at s l i d ing  metal in t e r f aces  may w e l l  exceed ZOOOO F. 
A t  t h i s  temperature the  reac t ion  r a t e s  are not c r i t i c a l ,  s ince a l l  metals 
i n  t h e  a l loy  should appear i n  the  w e a r  debris  as meta l l ic  hal ides .  

This ind ica tes  t h a t  the given react ions account i n  p a r t  

of C h n  .-lllA-,7 A---+-I+ ..-e C" 

Under the  tes t  condition of t he  f r i c -  

Yhen +,he w~b ien t  t e q e r a t w e  i s  

he?: rem,cx.red > t he  reac t ions  =e princi,gslly ene " A I L  U L I V J  LVLIU "I " U C L i U U  

The following react ions a re  believed t o  occur with the  a l loy  con- 
s t i t u e n t s  and halogen-containing gas CFZBrz:CF3Br after the  passive layer  
has been removed: 

M N i  + Mo + Cr + Fe + W + BCF3Br + 8CFzBrz- NiBrZ + CrBrg f MoBr4 

+ FeBrg + WBr4 + 8[-CF3] -t 8[*CFzBr] 
I 

See f r e e i r a d i c a l  
reactions (A6) 
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The theore t ica l ,  as wel l  as acgual, percent of reac t ion  products obtained 
in  an experimental run a t  1000 F is  presented i n  the following tab le :  

Hastelloy C 
~- 
:oostituent 

N i  

Cr 

Fe 

w 
Mo 

I 

Percent 
in  a l loy  

52 .O 

17 .O 

6 .O 

5 -0 

19 .o 

---- 

Re a c t  ian 
product i n  
:F2Br2 :CF3Br 

N i B r Z  

CrBrg 

FeBrg 

WBr4 

MoBr4 

----- 

The ore t i c  a1 
composition 
of surface 

f i l m  (assume 
complete 

halogenat ion) 

39.50 

17.20 

6.40 

8.75 

27.30 

Actual analysis  
of react ion 

product, 
percent by weight 

a i  .o 

14 .O 

4.60 

Vola t i le  hal ides  be- 
l o w  600° F present I only i n  t races  

This tab le  indicates  t h a t  n icke l  bromide is the  pr inc ipa l  component 
of the wear debris .  The a c t u a l  percent of nicke l  bromide is, however, 
out of proportion t o  the  t h e o r e t i c a l l y  calculated values. 
composition as determined by chemical analysis  could r e s u l t  from the  vol- 
a t i l e  nature of the  molybdenum and tungsten bromides. 
and tungsten bromides a r e  volatized from t h i s  surface f i l m ,  which allows 
the  nickel bromide concentration t o  increase.  The nickel ,  iron, and 
chrome bromides were ident i f ied  as hydrates by X-ray analysis .  The rea- 
son f o r  t h e i r  existence i n  the hydrated form l i e s  i n  the f a c t  t h a t  the 
specimens were cooled in  room a i r  without moisture control  and the bro- 
mide hydrated. 

The a c t u a l  

The molybdenum 

The other  q e t a l  hal ides  were not i d e n t i f i e d  by X-ray analysis  be- 
cause of r e l a t i v e l y  s m a l l  percentage but  w e r e  detected i n  chemical t e s t s .  

Inconel X on Rexalloy 33 i n  CFZBr2:CF3Br 

In t h e  metal combination of Inconel X r i d e r  s l i d i n g  against  a Rex- 
a l l o y  33 disk, the  r i d e r  specimen i s  the  s o f t e r  of t h e  two materials and 
furnishes the  major portion of the cat ion f o r  surface react ion ( see  photo- 
micrograph, f i g .  11). The elements contained i n  t h e  Inconel X r i d e r  al-  c 

loy are pr inc ipa l ly  N i ,  Cr, and Fe. When these metals r e a c t  with the  l 
halogen-containing gas blend CFZBrZ :CF3Br, the following react ions a r e  
believed t o  occur: 



13 

I n i t i a l  surface react ions with passive oxides present on metal surfaces,  

M 
C r  0 + N i O - C r 2 0 g  + 7CF3Br + 7CF2Br2 --+ 4CFBr3 + N E W 2  + 7 [-CF3] + 7 ECF2Br] 

2 3  - I 

spinel  J. 
See r a d i c a l  

react ions (A6) 

Reactions with a l l o y  const i tuents  after passive oxide has been removed, 

J 

The t h e o r e t i  

L. 

M 
N i  + C r  + Fe + 5CF,Br + 5CFoBr2 ---f NiBrZ + CrBr3 + FeBr3 + 5 [*CF3] + 5 ECF2Br] 

I See f ree- rad ica l  

react ions (A6) 

a1 as T 11 as a c t u a l  percent of react ion products ob- 
ta ined  i n  an experimental run a t  1000° F is presented i n  the following 
t a b l e  : 

Inconel X 

:oris t i tuent  

N i  

C r  

Fe 

Traces of 
C,Si,Mn,S, 
A l ,  Cb 

Percent 
In alloy 

70.0 

15 .O 

9 .o 

---- 

React ion 
product i n  

:F2Br2 :CF3Br 

N i B r Z  

CrBrg  

FeBrg 

Theoretical  
compos it ion 

of surface 
f i l m  (assume 

complete 
lalogenat ion) 

b4. bo 

18.40 

11.20 

----- 

Actual analys is 
of r e a c t  ion 

product, 
?ercent by weight 

n- ne 0o.ou 

22 .o 

9 .iz 

----- 

This t a b l e  indicates  close correlat ion between the ac tua l  percent of 
metal bromides obtained i n  chemical analysis  and the  t h e o r e t i c a l l y  calcu- 
l a t e d  values. 

The a b i l i t y  t o  determine an effect ive gas-lubrication system depends 
upon a number of fac tors  as indicated herein.  The mater ia ls  t o  be 
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lubricated must possess good corrosion resis tance (e.g., nickel-containing 
a l l o y s )  and yet must be a c t i v e  enough t o  supply metal cat ions for surface 
react ion.  
considered with a regard for surface react ions.  The p r i n c i p a l  cat ion of 
the a l l o y  must form a metal hal ide t h a t  has lubr ica t ing  propert ies  (e.g. ,  
N I B r Z )  . "he thermochemical propert ies  must a l s o  be considered t o  insure 
t h a t  a t  operating temperatures the  metal hal ides  formed a r e  not a l l  vola- 
t i l e  ( e  .g., molybdenum and tungsten bromides v o l a t i l e  above 660' F) . I n  
addition, some consideration must be given t o  t h e  physical  concepts, such 

s ince 

I n  the  lubr ica t ion  of a l loys ,  t h e  a l l o y  const i tuents  must be 

as hardness. It is important t h a t  the s o f t e r  of the  two materials i n  
s l i d i n g  contact form a m e t a l  hal ide t h a t  has lubr ica t ing  propert ies ,  

? 
UI 
4 
IP it furnishes the  major port ion of cations f o r  f i l m  formation. 
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Figure  2 .  - F r i c t i o n  and wear of 98M2 S t e l l i t e  r i d e r  s l i d i n g  on Has te l loy  
C d i s k  a t  var ious  tempera tures  i n  a i r .  
minute; load,  1200 grams; durat ion,  1 hour .  

S l i d i n g  ve loc i ty ,  120 feet ,  pe r  

1.0 

.8 

.6 

.4 
0 200 400 600 aoo 1000 1200 

Temperat,ure, OF 



F i g u r e  3. - F r i c t i o n  and wear o f  Inconel  X r i d e r  s l i d i n g  on Rexalloy 33 
d i s k  a t  va r ious  temperatures  i n  a i r .  
minute; l oad ,  1200 grams; durat ion,  1 hour. 

S l i d i n g  v e l o c i t y ,  120 f e e t  p e r  
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Figure 4 .  - F r i c t i o n  and w e a r  d a t a  ( r e f .  3) for 98M2 S t e l l i t e  r i d e r  s l i d i n g  
on Has te l loy  C d i s k  wi th  CF3Br + 1 percen t  SF6 and CFZBrZ as l u b r i c a n t s .  
S l id ing  ve loc i ty ,  120 f e e t  pe r  minute; load,  1200 grams; du ra t ion ,  1 h o u r .  

Y 
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100 80 60 40 20 0 CF3Br 
Mix tu re  of g a s e s ,  p e r c e n t  b y  volume 

F i g u r e  5 .  - F r i c t i o n  and w e a r  of 98M2 S t e l l i t e  r i d e r  s l i d i n g  on H a s t e l l o y  C 
d i s k  w i t h  v a r i o u s  p e r c e n t  mix tu res  o f  t h e  g a s e s  CF2Br2-and CF3Br as l u b r i -  
c a n t .  S l i d i n g  v e l o c i t y ,  120 f e e t  p e r  minute;  load, 1200 grams; d u r a t i o n ,  
1 hour. 
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Figure 6 .  - Comparison of  f r i c t i o n  and wear o f  98M2 S t e l l i t e  r i d e r  s l i d i n g  
on Has te l loy  C d i s k  a t  va r ious  tempera tures  i n  a i r  and w i t h  CF2Br2:CF3Br 
(1:l) as l u b r i c a n t .  S l i d i n g  v e l o c i t y ,  120 f ee t  p e r  minute; l oad ,  1200 
grams; d u r a t i o n ,  1 hour.  

I 



‘t I 
r 

S l i d i n g  v e l o c i t y ,  - 
f t /min 

0 55 - --- 0 120 
250 
500 - - - -  A 

b 5 200 

0 ---- E. ----- 

~ 

400 600 ROO 1000 1200 0 200 
Temperature, O F  

F igu re  7 .  - F r i c t i o n  of 98M2 S t e l l i t e  r i d e r  s l i d i n g  on Has te l loy  C d i s k  a t  
va r ious  temperatures  and s l i d i n g  v e l o c i t i e s  w i th  1: 1 gas mixture of CFZBr2 
and CF3Br as l u b r i c a n t .  Load, 1200 grams; du ra t ion ,  1 hour.  
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Figure 8.  - F r i c t i o n  ana wear of  98M2 S t e l l i t e  r i d e r  s l i d i n g  on Has te l loy  C 
S l i d i n g  v e l o c i t y ,  d i sk  a t  va r ious  temperatures  wi th  CHFZBr as l u b r i c a n t .  

120 f e e t  p e r  minute; load, 1200 grams; d u r a t i o n ,  1 hour. 



CFzBr + l%SFc  ( r e f .  3 )  

. 2  

0 

Figure  9 .  - F r i c t i o n  and wear of 98M2 S t e l l i t e  r i d e r  s l i d i n g  on H a s t e l l o y  
C d i s k  a t  va r ious  temperatures  with CF 3 Br + 1 percen t  SF 6 and CHF2Br + 1 
percen t  SF as l u b r i c a n t s .  S l id ing  v e l o c i t y ,  120 f e e t  per  minute; load,  

1200 grams; du ra t ion ,  1 hour. 
6 
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Figure 10. - Comparison o f  f r i c t i o n  and wear of Inconel  X r i d e r  s l i d i n g  on 
Rexalloy 33 d i s k  at  var ious  temperatures  i n  a i r  and wi th  CF2BrZ:CF3Br (1: 1) 

as  lub r i can t .  S l id ing  ve loc i ty ,  120 f ee t  pe r  minute; load,  1200 grams; 
durat ion,  1 hour. 

c 
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(a) Bromide f i l m  on wear t r ack .  

(b)  Film removed with e t h y l  alcohol.  

Figure 11. - Photomicrographs of Rexalloy 33 d isk  surface.  Rider, Inconel 
X; gas (l:~), m 2 ~ r Z : ~ ~ 5 ~ r  mixture; load, 1200 grainsj s l i d i n g  veloci ty ,  
120 feet per minutej duration, 1 hour; temperature, 800' F; X 1 5 .  
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Figure 1 2 .  - Standard f r e e  energy of formation f o r  v a r i o u s  metal 
oxides  up t o  t empera tu res  of  200O0 K. 
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(b )  Oxides of molybdenum and t u n g s t e n .  

F i g u r e  12. - Concluded. S tandard  free energy of f o r m a t i o n  f o r  
v a r i o u s  metal ox ides  up t o  t empera tu res  of ~ O O O ~  K. 
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(a) Bromides o f  c o b a l t ,  n i cke l ,  i r o n ,  chromium, and s i l i c o n .  

F i g u r e  13. - Standard  f r e e  energy of f o r m a t i o n  f o r  v a r i o u s  metal 
bromides up i o  t e m p e r a t u r e s  of 2ocoo K .  
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( b )  Bromides o f  molybdenum and tungsten. 

Figure 13. - Concluded. Standard f r e e  energy of formation f o r  
various metal bromides up t o  temperatures of 2000' K. 
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